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With the fast development of HDD products, which trends to high data recording areal 
density and fast access data rate, the more accurate and higher speed of the spindle 
motor is required. Recently, the spindle motor speed in server HDDs has reached 
15,000 rpm, and some of them are even higher than 20,000 rpm. One major concern 
for high-speed three-phase sensorless spindle motor is that its starting ability is poor as 
the phase back-EMF is too low to be detected at the low speeds. Many methods are 
being developed to solve this problem and using two-phase EM structure is one of the 
potential solutions.  
 
In this thesis, a sensorless BLDC drive system is presented to drive the two-phase 
spindle motors used in HDD. The optimal commutating angle based on constant 
voltage mode is discussed. Driving the motor with the optimal commutating angle, the 
motor can be driven with high efficiency.  
 
The starting capability of two-phase spindle motor is analyzed and compared with the 
three-phase spindle motor. And based on the conventional stepping drive mode, an 
improved starting method is introduced, which can enhance the starting capability of 
the two-phase spindle motor. 
 
The performances of the two-phase sensorless BLDC spindle motor have been widely 
investigated through the simulations and experiments. The results show that the 
proposed two-phase spindle motor drive has potential to solve the starting problem of 




Back-EMF: back electromotive force 
BLDC: brushless direct current 
CPLD:  complex programmable logic device 
DSP:  data signal processor 
EM torque: electromagnetic torque 
HDD:  hard disk drive 
MOSFET: metal-semiconductor field-effect transistor 
PID control: proportional-integral-derivative control 
PM:  permanent magnet 
SFF:  smaller form factors 
VCM:  voice coil motor 
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Chapter 1 Introduction  
 
1.1  Background 
 
With the rapid development of power semiconductors, microprocessors, logic ICs, the 
brushless dc (BLDC) motors have been widely used in many applications due to their 
high efficiency, quiet operation, compactness, reliability, and low maintenance. One of 
the most important applications is used as spindle motor in hard disk drives (HDD). 
 
With the fast progress in computer and information technology, the demands on mass 
data storage have been increasing rapidly. These impact the developments of HDD 
technology as it is the most effective mass data storage device now, and is expected to 





Figure 1.1 The structure of hard disk drive 
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Figure 1.1 shows the structure of a HDD, which has a spindle motor, read/write heads, 
electronics circuits, an actuator and a voice-coil motor (VCM), media platters and a 
HDD base plate. The platters are spun up by the spindle motor after the HDD is 
powered on. And the heads on the actuator are controlled by VCM to seek the tracks 
required for reading, or writing. The operating speed of the HDD has been increased in 
these years in order to reduce the access time in the data read/write. Hence the demand 
on spindle motors becomes higher. In a HDD, the spindle motor is one of the key 







Figure 1.2 The structure of the spindle motor used in HDD. 
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Figure 1.2 presents a typical spindle motor used in HDD. Usually, the spindle motors 
are three-phase motors with concentrated armature winding, outer rotor and surface 
mounted permanent magnet (PM). This kind of spindle motors has small inductance, 
weak armature reaction, and back-EMF close to sinusoidal waveform.  Without 
specific indications, the motor discussed in this thesis is this kind of PM spindle motor. 
Usually, to have a stable spin speed and fast dynamic responses as well as high 





1.2 BLDC Motors and Sensorless Drives 
 
BLDC motors are one kind of permanent magnet synchronous motors [1], having 
permanent magnets on the rotor and employing a dc power supply switched to the 
stator phase windings of the motor by power electronic devices. And the phase current 
commutation is determined by the rotor position. The phase current of BLDC motor is 
synchronized with the phase back-EMF to drive the motor in BLDC mode efficiently.  
 
The motors operating in BLDC mode require the rotor position information to provide 
the proper commutation sequence through the inverter. In many applications, the rotor 
position information can be obtained by using hall sensors or encoders. A typical 





























Generally, most of BLDC motors are three-phase structure, and are controlled through 
a three-phase inverter with so-called 6-step commutation. The phase conducting 
sequence is A+B-—A+C-—B+C-—B+A-—C+A-—C+B-, which is shown in Figure 1.4.  
 






















A+C- B+C- B+A - C+A- C+B-
sequ. 1 2 3 4 5 6
 
Figure 1.4 The conducting sequence of 6-step commutation. 
 
The conducting interval for each commutation is 60°. Each conducting stage is called 
one step. Usually, two phases conduct at any time, leaving the third phase floating. In 
order to produce efficient driving torque, the inverter should be commutated every 60° 
so that phase current is aligned with the phase back-EMF. The commutating moment is 
determined by the rotor position, which can be detected by the position sensors.  
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However, these sensors increase the cost and size of the motor, and a special 
mechanical arrangement is needed to mount the sensors. These sensors, particularly 
Hall sensors, are temperature sensitive, which limit the operation of the motor to be 
below about 75°C [2]. On the other hand, the position sensors increase the system 
complexity and reduce the system reliability because of the more components and 
wiring. In some applications, such as in HDDs, it is even impossible to mount any 
position sensor on the motor. Therefore, the inconveniences brought by the position 
sensors have motivated the researches in the area of BLDC motor drives with position 
sensorless control. In the last two decades, several sensorless drive solutions have been 
reported in the literature and are reviewed in [4][5].  They are based on one of the 
following techniques.  
 
i. Position sensing using phase back-EMF of the motor [6]-[8]. 
ii. Position information using the stator 3rd harmonic component [9]-[11]. 
iii. Position sensorless operation based on the detection of the conducting state 
of free-wheeling diodes [12][13]. 
iv. Position detection using phase current sensing [14]. 
 
Basically, one of the most popular sensorless drive methods is to get indirectly the 
rotor position through detecting the phase back-EMF of the floating winding. In three-
phase BLDC motor, only two of three phases are excited at one time, leaving the third 
winding floating at the same time. In the motor operation, the exciting windings are 
used to produce the electromagnetic (EM) torque to drive the rotor. And the phase 
back-EMF in the floating winding is used to establish a switching sequence for 
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commutation of power devices in the three-phase inverter to realize the BLDC 
sensorless control [15][16].  
 


























Figure 1.5 The typical three-phase BLDC motor control system without position 
sensors. 
 
Besides the phase back-EMF detection solution, other sensorless methods are also 
effective for BLDC motors to eliminate the costly and fragile position sensor in the 
limited speed ranges.  
 
The rotor position can also be determined by the 3rd harmonic voltage component [9]-
[11]. To detect the 3rd harmonic voltage, a three-phase set of resistors is connected 
across the motor windings. The voltage across the two neutrals determines the 3rd 
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harmonic voltage. This voltage is integrated and input to a zero-crossing detector, and 
the output of the zero-crossing detector determines the switching sequence for 
commutation of power devices. The main disadvantage of this method is the relatively 
low value of the 3rd harmonic voltage at low speeds. This makes the integration 
difficult. 
 
The rotor position information can be determined based on the conducting state of 
freewheeling diodes in the unexcited phase [12][13]. The inverter gate drive signals 
are chopped during each 120° operation. The open phase current under chopping 
operation results from the back-EMF produced in the motor windings. The position 
information is obtained every 60° by detecting whether the freewheeling diodes are 
conducting or not. Using this method, the sensing circuit is relatively complicated and 
low speed operation is still a problem. 
 
The exact rotor position signals can be obtained just by detecting and processing the 
phase current waveforms [14]. Using a signal processing circuit, the phase current 
signals can be converted into the required rotor position signals. However, the system 
built by using this method is noise sensitive, and also has the problem in starting and 
low speed operation. 
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1.3 Starting Capability Problem and Solutions 
 
All the sensorless solutions mentioned in last section have the problem in starting and 
low speed operation. For some applications, such as the spindle motors used in HDD, 
the starting capability of the motors is very important. In HDD, the most common 
sensorless drive scheme is based on the method of detecting the phase back-EMF. But 
it is difficult to start the motor with this method because the back-EMF is proportional 
to the rotating speed of the motor. Therefore, no rotor position can be detected with 
sensorless method when the motor is at standstill. And when a BLDC motor operates 
at the low speed, the phase back-EMF is low, and thus it is difficult to detect the motor 
position. All these make the motor starting difficult because the BLDC drive mode 
cannot be used in the starting procedure, and the effective driving torque is thus 
reduced. This leads to the motor starting capability problem. 
 
As the spin speed of HDD spindle motors trends to be higher and higher, one major 
concern for these high-speed motors is that the starting of the motor is poorer and 
needs longer time. Therefore, some methods have been developed to solve the starting 
problem [3][8][12][17]-[22].  
 
One of the major sensorless starting algorithms is to utilize the inductance variations 
on the relative position of a rotor and stator [17]-[22]. This method can detect the rotor 
position at standstill by comparing the rise time of the currents due to the inductance 
variation after a current pulse is injected into all six segments of an EM cycle for three-
phase motor.  Another popular sensorless starting method is so called “align and go” 
[3][8][12], which is an initial position orientation mode. These starting methods are 
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difficult to be applied to the spindle motors in HDDs as their permanent magnets are 
surface mounted on the rotor and the variations of the winding inductance are too 
small. 
 
Changing the structure of the motors is another possible approach to improve the 
starting capability of the motors. Two-phase EM structure is one potential solution. In 
this thesis, we will study the two-phase spindle motor driven by sensorless BLDC 





1.4 Organization of Thesis 
 
The work of this thesis introduces an effective method to realize the sensorless BLDC 
control for the two-phase spindle motors. The starting capability of the two-phase 
spindle motor is studied, and the advantages and disadvantages of the two-phase 
spindle motor are also discussed.  
 
In Chapter 2, firstly, the structure of the two-phase spindle motor is shown. Secondly, 
the common back-EMF detection scheme is introduced briefly. Thirdly, the 
mathematical model of the two-phase spindle motor is presented and analyzed. The 
optimal commutation angle of the two-phase spindle motor driven by BLDC mode is 
also studied. Then the hardware implementation of two-phase motor drive system is 
introduced in detail. Finally, the simulation and experiment results are provided and 
analyzed. These will show how the two-phase spindle motor can operate in sensorless 
BLDC mode.  
 
In Chapter 3, we will analyze the starting capability of the two-phase spindle motor. 
Where, a starting algorithm will be introduced firstly, and, secondly, the starting 
process will be shown and analyzed. Thirdly, an improved starting method is presented 
and compared with the conventional starting method.  
 
In Chapter 4, we will compare the starting capabilities between the two-phase motor 
and the three-phase motor. Firstly, we will theoretically analyze the reason why the 
two-phase spindle motor has better starting capability than the three-phase motor. 
Secondly, the starting capability of the three-phase spindle motor will be provided for 
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comparing. Thirdly, the simulation and experimental results will be presented to show 
the improvement of the starting capability of two-phase spindle motor.   
 
Finally, Chapter 5 concludes the thesis, and future research works are also suggested. 
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Chapter 2 Two-Phase Spindle Motor Driven by Sensorless 
BLDC Mode 
 
In this chapter, the two-phase spindle motor drive system is introduced. Firstly, the 
structure of the two-phase spindle motor is shown. Secondly, the back-EMF detection 
sensorless control scheme is introduced briefly. Thirdly, the mathematical model of the 
two-phase spindle motor is presented and analyzed. And the optimal commutation 
angle of the two-phase spindle motor driven by BLDC mode is also given. Then the 
hardware implementation of two-phase motor drive system is introduced in detail. 
Finally, the simulation and experiment results show how the two-phase spindle motor 
operates in sensorless BLDC mode. 
 
2.1 Spindle Motor with Two-Phase Structure 
 
2.1.1 Three-phase structure 
 
The spindle motors in HDDs are usually three-phase structure. Figure 2.1 shows a 
typical three-phase spindle motor. 
 
As mentioned in Section 1.1, the spindle motors in HDDs adopt the concentrated 
armature windings. In this kind of winding, every 3 slots can form one EM cycle, 
which means, if the fundamental component of the EM field is used, every 3 slots can 
realize 2 poles. Therefore, for the spindle motor with 12 stator slots, its magnetic poles 
are 8.  
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Figure 2.1 Three-phase spindle motor with 12-slot/8-pole. 
 
However, for the three-phase spindle motor, its back-EMF dose not contain the 3-time 
order harmonics with the, i.e., it dose not contain the 3rd, 6th, 9th, … harmonics. We 
could use the fundamental, or the 2nd order harmonics to build up the airgap magnetic 
field. In fact, some three-phase spindle motors utilize the 2nd harmonic of the magnetic 
field of the armature windings as the operation field. For these spindle motors, every 3 
slots can form 4 poles. This is why the motors with 9-slot/12-pole structure are also 
widely used in HDD spindle motors. Increasing the number of poles is helpful to 
realize accurate speed control.  
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2.1.2 Two-phase structure 
 
In order to research the two-phase spindle motors, we built a prototype of the two-
phase spindle motor with the same stator of a three-phase spindle motor in hand. The 
stator of the prototype motor is 12-slots. The two-phase motor utilizes every 4 slots to 
form one EM cycle. If utilizing the fundamental component of the EM field, a 12 
stator-slot spindle motor can realize 6 poles. But for the two-phase spindle motors, 
they do not contain the even harmonics. The EM field produced by the 12 slots 
armature windings contains rich 3rd harmonics. Therefore, the 3rd harmonic can be 
used to build up the effective airgap magnetic field. Since every 4 slots can realize 3 
pole-pairs, i.e., 6 poles, of the field, a 12 stator slot spindle motor can realize 9 pole-
pairs or 18 poles of the field, which is shown in Figure 2.2. 
 
 
Figure 2.2 Two-phase spindle motor with 12-slot/18-pole. 
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It is well know that the phase windings of a three-phase spindle motor can be “Y-
connection” or “∆-connection”. Similarly, the two-phase spindle motor shown in 
Figure 2.2 also has two connection ways. Figure 2.3 uses the simple symbol to denote 












Figure 2.3 Two connection ways of the two-phase spindle motor. 
 
For the limitation in research time, only the cross-connection of the two-phase spindle 
motor is studied in this thesis. 
 
In the cross-connection, the two-phase windings are quadrature windings in magnetic 
field coupling. In this thesis, we define that phase BY lags phase AX by 90°. Each 
phase winding has two conducting states. For example, phase AX has the AX and XA 
conducting states. Therefore, the two-phase spindle motor usually operates in a 4-step 
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commutation. The phase conducting sequence is AX—BY—XA—YB, which is 















AX BY XA YB
sequ. 1 2 3 4
 
Figure 2.4 The conducting sequence of 4-step commutation. 
 
Therefore, the commutation takes place every 90°, and the conducting interval for each 
phase is also 90° after each commutation. 
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2.2 Back-EMF Detection Scheme 
 
As mentioned in the Section 1.2, the conventional position detection scheme of spindle 
motors in HDD is based on the back-EMF detection. Therefore, a brief review of the 
existing back-EMF detections will be given below. 
 
The waveform and value of the phase back-EMF induced in the armature coils is 
determined by the EM structure, the EM materials used in the motor, and the rotor 
speed. For most of the spindle motors in HDD, it is easy to design such that the phase 
back-EMF produced has very small harmonics, i.e., the waveform can be considered as 
sinusoidal. In order to get the optimal control and efficiently generate the EM torque, 
the current of each phase should be commutated in phase with the phase back-EMF, 
which is so-called BLDC mode. Figure 2.5 shows the phase current and the phase 










Figure 2.5 The phase current in phase with the phase back-EMF in BLDC mode. 
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As shown in Figure 2.5, one operation cycle of each phase is formed by the exciting 
state and the silent state. The exciting state produces the EM torque to drive the rotor 
and load. The silent state can be used to detect the phase back-EMF to realize the 
sensorless rotor position detecting [1][2][23].   
 
For one phase winding, its phase back-EMF crosses zero point two times in one EM 
cycle. Therefore, in one rotor revolution, one phase back-EMF can generate 2p zero-
crossing points, where “p” is the number of the pole-pairs. As the zero-crossing points 
are determined only by the rotor positions, one phase winding signal can get 2p 
discrete rotor position information in one rotor revolution. Then, the commutation 
sequences of the inverter are controlled with these zero-crossing points. In order to 
drive a spindle motor by BLDC mode, the zero-crossing point signals have to be 
phase-shifted to the predetermined commutation angle.  
 
The above rotor position detection scheme is simple and effective. It has been used for 
a long time in the PM motor drive [2][3][24][25]. In this thesis, this method is also 
used to realize the sensorless control of a two-phase BLDC spindle motor. 
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2.3 Modeling of Two-phase Spindle Motor  
 
In order to study the performances of two-phase spindle motors, a mathematic model is 
built. In general, a multi-phase permanent magnet motor can be modeled as [2]: 
 
k k k kl l k
l
d
u R i L i e
dt
 
= + + 
 
          (2.1) 
 
where k=1, 2,…, m; l=1, 2,…, m; m is the number of phase; ku  is the voltage of  phase 
k; kR  is the resistance of phase k; ki  is the current of phase k; klL  is the mutual 
inductance between the phase k to the phase l, and when l is equal to k, klL  is the self 
inductance of phase k; ke  is the back-EMF of phase k. 
 
Since one phase winding of a two-phase spindle motor is quadrature to another, 
therefore, the mature inductances between the two phases are zero. Eq. (2.1) can thus 
be written as: 
 
( ) ( ) ( ) ( )AXAX AX AX AX AXdiu R i L edt
θθ θ θ= ⋅ + +  (2.2) 
( ) ( ) ( ) ( )BYBY BY BY BY BYdiu R i L edt
θθ θ θ= ⋅ + +       (2.3) 
 
where AXu  and BYu  are the phase voltages; AXi  and BYi  are the phase currents; AXR  
and BYR  are the phase resistances; AXL  and BYL  are the self inductances; AXe  and BYe  
are the phase back-EMF; θ  indicates the rotor position relative to the d axis. 
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As mentioned in Section 2.1.2, the phase BY lags the phase AX by 90°. And the phase 
back-EMF of two-phase spindle motor is designed sinusoidal, and therefore, it can be 
expressed by the peak value and phase angle: 
 
( ) sin sinAX m E me E Kθ θ ω θ= = ⋅        (2.4) 
( ) sin cos
2 2BY AX m E m
e e E Kpi piθ θ θ ω θ   = − = − = − ⋅   
   
    (2.5) 
 
where the phase angle 
2
pi
−  shows that in two-phase spindle motor, phase BY lags 
phase AX by 90°. In Eq. (2.4) and (2.5), mE  is amplitude of the phase back-EMF and It 
is proportional to the angular speed of the rotor. And EK  is the voltage constant and 
mω  is the mechanical angular speed of the rotor. The speed has the following 








ω =           (2.6) 
 
where pp  is the number of the rotor pole-pairs. 
 
In general, the equation of a motor motion is: 
 
( ) mEM ldT J Tdt
ωθ = +          (2.7) 
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where EMT  is the EM torque produced by spindle motor, J  is the system inertia and lT  
is the load torque including the friction torque of bearing, the windage torque, and the 
equivalent torque caused by the core loss. Usually, lT  is set as a constant value when 
the motor operates at a steady speed. 
 
Also the electrical angular speed ω  and the actual speed in rpm n  can be calculated 
by the following equations: 
 






=           (2.9) 
 
According to the law of energy conservation, the mechanical output of the motor 
provided by the EM torque must be equal to the electrical input absorbed from power 
supply. Therefore, the equation of power is: 
 
( ) ( ) ( ) ( )
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= ⋅ = ⋅                 (2.10) 
 
Then, from Eq. (2.8) and Eq. (2.10), the EM torque can be calculated as: 
 
( ) ( )















                (2.11) 
 
In two-phase spindle motor, the EM torque produced is: 
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( ) ( ) ( ) ( ) ( )p AX AX BY BYEM p e i e iT θ θ θ θθ ω
⋅ ⋅ + ⋅ 	
 
=                (2.12) 
 
The mathematical model of two-phase spindle motor is built up with Eq. (2.2)- Eq. 
(2.9) and Eq. (2.12). 
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2.4 The Optimal Commutation Angle of Two-Phase Spindle Motor  
 
It is mentioned in Section 2.2, in order to operate a spindle motor in BLDC mode, 
when the zero-crossing points are detected, the zero-crossing signals have to be phase-
shifted to the optimal commutation angle. In this way, the BLDC motor can produce 
the maximum torque with the same effective current.  
 
For the BLDC motor, we could use different commutation angles to drive the motor. 
However, we expect that the commutation angle can be optimal, i.e., it can produce the 
maximum EM torque with the same drive current or can produce the minimum torque 
ripple in the motor operation. In three-phase BLDC spindle motor, it is well known 
that the natural commutation angle is 30° and the conducting interval of each phase is 
60°, which is shown in Figure 2.6, which is optimal commutating angle in the cases 















Figure 2.6 The optimal commutation angle of three-phase BLDC spindle motor. 
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Then, what is the optimal commutation angle of two-phase BLDC spindle motor? The 
following section will analyze the two-phase spindle motor operating in constant 
current and voltage drive modes first, and then derive the optimal commutation angle 
from the analysis results. 
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2.4.1 Constant current drive mode 
 
For the two-phase spindle motor under constant current drive mode, its phase current 
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I  is the constant current value offered by the power supply during the exciting 
period. In the silent period, the phase current is zero.  
 
Substituting Eq. (2.4), Eq. (2.5), Eq. (2.13), Eq. (2.14) into Eq. (2.12), we can get: 
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             (2.15) 
 
From Eq. (2.15), the EM torque EMT  is a function of the rotor position, and it varies 
with the rotor position. When the speed is steady, the average EM torque can be 
introduced instead of the transient torque. Then the average EM torque EMT  of a two-
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α =                      (2.18) 
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The equations above prove that in constant current drive mode, the optimal 
commutation angle of two-phase BLDC spindle motor is 45°. Figure 2.7 shows the 
optimal commutation angle of two-phase BLDC spindle motor in constant current 















Figure 2.7 The optimal commutation angle of two-phase BLDC spindle motor in 
constant current drive mode. 
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2.4.2 Constant voltage drive mode 
 
For the two-phase spindle motor under constant voltage drive mode, the phase voltages 
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              (2.21) 
 
where mU  is the constant voltage value offered by the power supply. And the silent 
phase current is zero and the phase voltage is equal to phase back-EMF. 
 
For the phase windings of a two-phase spindle motor are designed and made to be 
symmetrical, it is, 
  
AX BYR R R= =                    (2.22) 
AX BYL L L= =                     (2.23) 
 
 30
And its self-inductances of the PM surface mounted spindle motor are very small. 
Neglecting these inductances AXL , BYL  and considering Eq. (2.22) and Eq. (2.23), the 
phase currents can be calculated by transferring Eq. (2.2) and Eq. (2.3) into: 
 
( ) ( ) ( )AX AXAX u ei R
θ θθ −=                   (2.24) 
( ) ( ) ( )BY BYBY u ei R
θ θθ −=                   (2.25) 
 
Substituting Eq. (2.20), Eq. (2.4) into Eq. (2.24) and Eq. (2.21), Eq. (2.5) into Eq. 
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Then Substituting Eq. (2.4), Eq. (2.5), Eq. (2.26), Eq. (2.27) into Eq. (2.12), and 








p n nT i epi piθ θ θ
ω
=
 	   
= ⋅ − ⋅ −    




( ) ( )































ω θ piθ θ α α
ω θ piθ θ α α pi
ω θ piθ θ α pi α
ω θ piθ θ α α pi
−  	
⋅ ∈ +  
 

− −  	
⋅ − ∈ + +   
 

− −  	
⋅ ∈ + +  
 

− − −  	
⋅ − ∈ + +  
 
            (2.28) 
 
From Eq. (2.28), the EM torque EMT  is also a function of the rotor position, and it is 
various with the rotor position. Therefore, the average EM torque EMT  is also 
introduced, and after substituting Eq. (2.28) into Eq. (2.16), it can be expressed as: 
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              (2.29) 
 
Using the average EM torque EMT  as the objective function will generate many 
problems in the analysis. To get a clear optimization result, we used the objection 
based on the torque ripple analysis to judge the optimization result. The objective 
function 
rippleT  is defined as: 
 
( ) ( ) 221
2ripple EM EM







                  (2.30) 
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where ( )EMT θ , EMT  are the transient EM torque and the average EM torque 
respectively.  
 
Substituting Eq. (2.28) and Eq. (2.29) into Eq. (2.30) yields: 
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Calculating the derivative of Eq. (2.31), we get: 
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Solving Eq. (2.33), we can obtain the following solutions: 
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             (2.34) 
 
For analyzing clearly, the torque ripple with commutation angle in the range (-pi, pi) is 
plotted and shown in Figure 2.8. 
 
From Figure 2.8, it is obvious that there are totally 8 extremums of the torque ripple in 
one cycle, which is corresponding to 8 solutions in Eq. (2.34). The commutation 
angles in the range (0, 
2
pi ) have only meaning in the two-phase BLDC mode, and 
Figure 2.8 shows that there are 3 extremums in the range (0, 
2
pi ), in which one is the 
minimum, and the other two are the maximum.  It is clear that the minimum torque 
ripple appears at the commutation angle α=
4
pi
. It means that the torque ripple can get 
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Figure 2.8 The torque ripple with commutation angle. 
 
Figure 2.9 shows the optimal commutation angle of two-phase BLDC spindle motor in 















Figure 2.9 The optimal commutation angle of two-phase BLDC spindle motor in 
constant voltage drive mode. 
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The analysis above shows that, no matter in constant current drive mode or constant 
voltage drive mode, the optimal commutation angle of two-phase BLDC spindle motor 





2.5 Simulation Model and Results 
 
Due to the fact that the most of spindle motors in HDD usually operate in the constant 
voltage drive mode or constant voltage PWM chopping mode, we have built up such a 
drive system of the two-phase sensorless BLDC spindle motor in Matlab, and made 
simulations to test the performances of the model.  
 
2.5.1 Simulation model in Matlab 
 
In general, the whole drive system model is made up of two parts. One is the two-
phase spindle motor, and another is the two-phase driver. The overall diagram of the 
two-phase motor drive system is shown in Figure 2.10. 
 
 
Figure 2.10 The model of two-phase motor drive system in Matlab. 
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The inputs of block named “the two-phase spindle motor” are the phase voltages 
offered by the block named “two-phase motor driver”. And when the motor operates in 
BLDC mode, the motor speed and the phase back-EMF can be detected, and then this 
information from the two-phase spindle motor is fed back to the two-phase motor 
driver for close-loop control and sensorless control. 
 
The block named “the two-phase spindle motor” describes the equations of two-phase 
spindle motor introduced in Section 2.3. Figure 2.11 shows the model of two-phase 
spindle motor in details. 
 
 
Figure 2.11 The block of “two-phase motor model”. 
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The block named “voltage equation” that is shown in Figure 2.12 realizes the 
equations Eq. (2.2) and Eq. (2.3). In this block, we neglect the mutual inductances 
since they are much smaller than the self-inductances. 
 
 
Figure 2.12 The sub-block of “voltage equation”. 
 
And the block named “motion equation” that is shown in Figure 2.13 can realize the 
equations Eq. (2.7).  
 
 
Figure 2.13 the sub-block of “motion equation”. 
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From this block, we can calculate the mechanical angle mθ  and mechanical speed mω  
of the rotor. Then according to the equation Eq. (2.9), we can know the rotor’s speed in 




θθ =                     (2.35) 
 
And based on the equations Eq. (2.4) and Eq. (2.5), we can use this information to 




Figure 2.14 The sub-block of “phase back-EMF”. 
 
Then the outputs of the block “phase back-EMF” are inputted to the block “voltage 
equation” to calculate the phase currents. Besides, the phase back-EMF is also the 
important information source to detect the rotor position, which is used by the two-
phase motor driver for sensorless control.  
 
The EM torque is calculated in the block named “EM torque”, which is shown in 
Figure 2.15.  
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Figure 2.15 The sub-block “EM torque” 
 
This block is based on the following equation by substituting Eq. (2.4), Eq. (2.5) into 
Eq. (2.12): 
 
( ) ( ) ( ) ( )sin cosp E m AX E m BYEM p C i C iT ω θ θ ω θ θθ ω
⋅ ⋅ + − ⋅ 	
 
=  
 = ( ) ( )sin cosE AX BYC i iθ θ θ θ⋅ − ⋅ 	
                 (2.36) 
 
The block named “two-phase motor driver” is the drive part to control the two-phase 
spindle motor in sensorless BLDC mode. Figure 2.16 shows the two-phase motor 
driver in details. 
 
In this block, the speed calculated by the block “two-phase motor model” is inputted to 
the block “speed control” to realize the close-loop speed control. Usually, it is realized 
by a PID controller, and the speed is controlled through adjusting the phase voltages. 
The following equation presents the adjustable phase voltage calculated by the PID 
controller according to the speed error. 
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               (2.37) 
 
where pK , iK  and dK  are the proportional coefficient, the integral coefficient, and the 
derivative coefficient respectively. n∆  is the speed error, which is a time function. 
And Figure 2.17 shows the speed controller. 
 
 
Figure 2.16  The sub-block of “two-phase motor driver”. 
 
 
Figure 2.17 The sub-block “speed control”. 
 
And the phase back-EMF offered by the block “two-phase motor model” is used to 
detect the rotor position, and it gives the right switch signals into the two-phase 
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inverter to drive the two-phase spindle motor operate properly through the block 
named “switch signals”, which is shown in Figure 2.18. 
 
 
Figure 2.18 The sub-block of “switch signals”. 
 
In this block, the right switch signals are produced to realize BLDC mode by shifting 
45° from the zero-crossing points of the phase back-EMF.  
 
The switch signals and the adjustable DC voltage are inputted to the block named 
“two-phase inverter”, which is shown in Figure 2.19. The phase voltages are generated 
in this block and are offered to drive the two-phase spindle motor. 
 
 
Figure 2.19 The block of “two-phase inverter”. 
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2.5.2 Simulation results 
 
The model of two-phase sensorless BLDC motor drive system has built up. We give 
the measured actual motor parameters into the model, which is presented in Table 2. 1. 
And then the model is simulated in Matlab. 
 
Table 2. 1 Motor parameters in Matlab. 
System Parameters Symbol Value 




Motor Inertial J 2.2×10-5kg⋅m2 
Voltage Constant CE 0.0024V/(rad/s) 
Load Torque Tl 9.8×10-5N⋅m 
Rated Speed n 4200rpm 
Pole-Pair pp 4 
Proportional Coefficient  Kp 50 
Integral Coefficient Ki 3×103 
Derivative Coefficient Kd 0 
 
Figure 2.20 shows the speed of rotor. From this figure, the rotor starts up from 
standstill to a setting speed, and then it starts much faster to the rated speed. This is 
because the motor is in stepping drive mode at the beginning, and then it is switched 
into the BLDC drive mode after the amplitude of the phase back EMF is big enough. 
The starting capability of the two-phase spindle motor will be discussed in the 
following chapters. After the speed reaches the rated speed, it would stabilize at the 
rated speed after vibrating for several times due to the closed loop control. 
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Figure 2.20 The speed of two-phase spindle motor. 
 
Figure 2.21 The EM torque of two-phase spindle motor. 
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And Figure 2.21 shows the corresponding starting EM torque along with the speed in 
the motor operation. 
 
When the two-phase spindle motor is stable at rated speed, it operates in the BLDC 
mode. Its phase back-EMF, voltage and current are shown from Figure 2.22- to Figure 
2.24. There are three rows in these figures. The first row shows the waveforms of 
phase AX, the second row shows the waveforms of phase BY, and the third row 
describes the phase difference between two phases. Form these figures, they all show 
that the phase BY lags phase AX by 90°. 
 
Figure 2.22 The phase back-EMF of two-phase spindle motor. 
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Figure 2.23 The phase voltages of two-phase spindle motor. 
 
Figure 2.24 The phase currents of two-phase spindle motor. 
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It has been discussed in Section 2.4.2, in constant voltage drive mode, the phase 
voltages detected on the phase windings are the constant voltages supplied by DC 
power when the phase windings are excited, and equal to the phase back-EMF when 
the phase windings are silent. When the two-phase spindle motor is driven in optimal 
commutating BLDC mode, the phase voltages are the shapes shown in Figure 2.23, 
which are also described by the equations Eq. (2.20) and Eq. (2.21). The phase 
currents generated in the phase windings as shown in Figure 2.24 are corresponding to 
the shape shown in Figure 2.9. In constant voltage drive mode, the phase currents are 
not constant when the phases are conducting. They can be inferred from the Eq. (2.24) 
and Eq. (2.25). 
 
It is clear that the commutation is expected at the optimal commutation angle 45°, but 
if we consider the effect of the inductance, the optimal commutation angle will change. 
Therefore, how much will the inductance affect the optimal commutation angle is a 
question.  
 
From Figure 2.24, obviously, to generate the same EM torque at a certain speed, the 
phase current is minimum when the motor is operating at the optimal commutation 
angle, therefore the copper loss is also minimum. But if the motor is not operating at 
the optimal commutation angle, the phase current will be increased to generate the 
same EM torque, and then the copper loss is also increased. Therefore, the copper loss 
with the same EM torque can be used to measure the effect of the commutation angle. 
Figure 2.25 shows the effect of changing the commutation angle.  
 
 48
From Figure 2.25, considering the inductance, the optimal commutation angle is about 
44.4°. If commutation takes place at 45°, the copper loss increases about 0.12%. 
Therefore, two conclusions can be obtained from the result. One is that the inductance 
can affect the optimal commutation angle indeed. Another is that the effect is very 
small as the inductance is weak. Hence, when studying the spindle motor used in HDD, 
the effect of the inductance can be neglected, and the optimal commutation angle can 

































2.6 System Implementation and Experimental Results 
 
In our research, we have built up a two-phase spindle motor and its sensorless BLDC 
drive system, and have driven it in sensorless BLDC mode. In this section, we will 
introduce the implementation of the two-phase sensorless BLDC motor drive system.  
 
2.6.1 Two-phase sensorless BLDC motor drive system 
 
Figure 2.26 shows the block diagram of two-phase sensorless BLDC motor drive 
system. In this motor drive system, a back-EMF zero-crossing detector and a data 
signal processor (DSP) ADMC401 are used to process the phase back-EMF zero-
crossing signal and detect the rotor position, and give the correct switch signals to the 



























Figure 2.26 Block diagram of two-phase sensorless BLDC motor drive system 
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The back-EMF detector in Figure 2.27 is used to detect the terminal voltages of the 
two-phase spindle motor. In the silent state of the phase windings, these detected 
voltage signals are just the phase back-EMF signals. Then the detector uses a compact 
programmable logic device (CPLD) to obtain the zero-crossing signals of phase back-
EMF from the comparators. The zero-crossing signals are used as the rotor position 
























Figure 2.27 The configuration of back-EMF detector 
 
The DSP ADMC401 is used to process the zero-crossing signals from CPLD. For the 
effects of diodes, there are some noises when one phase is commutated to another 
phase. These noises will produce false zero-crossing signals, which will lead to the 
motor operate abnormally. After recognizing the true zero-crossing signals, the DSP 
shifts the zero-crossing signals by 45° to keep the phase current in phase with phase 
back-EMF, and exports the switching signals to the two-phase inverter. Then the two-
phase spindle motor runs in the sensorless BLDC mode. Moreover, the zero-crossing 
signals can also be utilized to detect the rotor speed, According to the detected speed, 
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the PID controller and DC-link voltage regulator are used to implement the close-loop 






























Figure 2.28 The block diagram of DSP ADMC401. 
 
Then the voltage adjustment signal *dcV  from DSP is exported to the DC-link voltage 
regulator LM338 to realize constant voltage drive mode, and offer the two-phase 
inverter the proper phase voltage to realize the close-loop speed control. 
 
The switch signals from DSP are exported to the two-phase inverter to drive the two-
phase spindle motor in sensorless BLDC mode. Figure 2.29 shows the configuration of 
the two-phase inverter. Figure 2.30 shows the switching signals exported to the two-
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Figure 2.29 Configuration of the two-phase inverter. 
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Figure 2.30 The switching signals of a BLDC mode. 
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The two-phase spindle motor has been introduced in the Section 2.1.2. In Figure 2.29, 
we use cross-connection to demo the two-phase structure. And the terminal voltages of 




2.6.2 Experimental results 
 
Based on the two-phase sensorless BLDC motor drive system built up, we have driven 
the two-phase spindle motor in BLDC mode successfully. The following figures show 
some key operating waveforms of the two-phase sensorless BLDC motor drive system. 
 
Figure 2.31 shows the terminal voltages of two phases. And Figure 2.32 shows the 















Figure 2.32 The terminal voltages and the phase voltage of one phase.  
 
The phase voltages of two phases are shown in Figure 2.33. Phase BY lags phase AX 
by 90° and the phase detects the phase back-EMF when silent, which is the same as the 







Figure 2.33 The phase voltages of two phases. 
 
Figure 2.34 shows phase voltages and phase currents of one phase in both 
experimental and simulation results. It is clear that the commutation happens at about 
45° after the zero-crossing point of the phase back-EMF, at which the two-phase 
spindle motor is operating in optimal commutating sensorless BLDC mode. And the 
experimental results in Figure 2.34 (a) can match well with the simulation results in 






(a) Experimental results. 
 
(b) Simulation results. 
Figure 2.34 The phase voltages and currents of one phase. 
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The whole experimental waveform of the phase back-EMF cannot be measured when 
the motor operates in BLDC mode. However, it can be measured during freewheeling 
and the phase currents are zero. Figure 2.35 shows the phase back-EMF of each phase 






Figure 2.35 The phase back-EMF of each phase. 
 
From this figure, it is obvious that the phase back-EMF of two-phase spindle motor is 
quite close to sinusoidal, and this characteristic has been explained in Section 1.1. The 
experimental results match well with the simulation results.   
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Chapter 3 Analysis of the Starting Capability of Two-Phase 
Spindle Motor 
 
In this chapter, we will analyze the starting capability of the two-phase spindle motor. 
Firstly, the starting algorithm we used will be introduced. Secondly, the starting 
process is presented and analyzed. And then an improved starting method is presented 
and compared with the conventional starting method. The results will show the 
improved starting method has better starting capability. 
 
3.1 Starting Algorithm 
 
When a spindle motor operates in BLDC mode, detecting the rotor position is 
necessary. Since the value of phase back-EMF is proportioned to the rotor speed, the 
rotor position is undetectable when the motor is at standstill or at low speeds. It means 
that the motor should be spun up with some methods to a certain speed before the 
back-EMF is sufficient to be detected to apply a sensorless BLDC starting algorithm. 
 
One of the popular sensorless starting algorithms is to utilize the inductance variation 
with the relative position of a rotor and stator [17]-[22]. This method can detect the 
rotor position at standstill by comparing the rise time of the currents due to the 
inductance variation after a current pulse is injected into all six segments of an 
electrical cycle for three-phase motor. However, the method cannot be used in the 




Another popular sensorless starting method is so called “align and go” [3][8][12], 
which is an initial position orientation mode. This method aligns the rotor to the 
specified position by energizing any two phases of the motor. If the rotor is not in the 
desired position, the forcing torque of the excited phases causes it to rotate and stop at 
the desired position. After energizing two of the three motor phases for enough time to 
ensure the rotor will lock into the desired position, the rotor is accelerated according to 
the given firing sequences with decreasing time intervals. It usually incurs a time delay 
to align the rotor owing to its inertia.  
 
Our starting algorithm for two-phase spindle motor is to adopt the stepping drive mode 
at the standstill or at low speeds. This method is a simple and effective starting method 
for sensorless BLDC motors. Using this method, the speed is increased step by step at 
the beginning by providing a rotating stator field with a gradual increasing frequency 
and voltage profile until sufficient back-EMF can be detected [10][26].  
 
Usually, 4-step commutation can be used in starting process of the two-phase spindle 
motor. Therefore, the switch sequences of the two-phase inverter in stepping drive 
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Figure 3.1 The switch sequences for stepping drive mode. 
 
The switch sequences of the stepping drive mode in motor starting shown in Figure 3.1 
are the same as the switch signals for BLDC mode shown in Figure 2.30. However, 
they are different. The switch signals for BLDC mode are produced based on the zero-
crossing signals of phase back-EMF by close-loop control, and they can make sure that 
the motor is in the optimal commutating BLDC mode. While these switching 
sequences for stepping drive mode during the motor starting are set by DSP program in 
advance. As the rotor initial position is unknown in starting, the commutation angle α  
in Figure 3.1 may be changed. As it is analyzed in Section 2.4, the commutation angle 
affects the EM torque, and the commutation angle at the beginning of starting is 
relative to the initial rotor position. Therefore, the starting capability of two-phase 
spindle motor is affected by the initial rotor position in starting. 
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In Figure 3.1, the conducting interval is 90°, and the commutation interval is also 
performed every 90°. Then there are totally 4 steps in one cycle. Therefore, this 
stepping mode is so-called “4-step stepping mode”.  
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3.2 Starting Process 
 
When the two-phase spindle motor starts from standstill to the rated speed, the starting 
process consists of stepping mode and BLDC mode. For example shown in Figure 3.2, 





Figure 3.2 The starting process of two-phase spindle motor. 
 
The starting time is also made of two parts. The first part is the stepping time that the 
two-phase spindle motor starts from standstill to the setting speed with stepping mode. 
The second part is the BLDC starting time that the two-phase spindle motor 
accelerates from the setting speed to the rated speed. The setting speed is the speed 
with sufficient back-EMF for the two-phase spindle motor to be switched into BLDC 
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mode. As the BLDC mode can generate the maximum torque with the same current, 
utilizing the BLDC mode earlier can reduce significantly the time consumed in the 
motor stepping starting, and this is an issue very concerned by HDD industry.  
 
In Figure 3.2, the time from zero to about 1 second is the stepping time in this example, 
and the period from about 1 second to 1.42 second is the BLDC starting time. 
Obviously, the BLDC starting time is very short, and the speed in BLDC mode 
accelerates much faster than in stepping mode. And the starting time in BLDC mode is 
almost the same if the setting speed and the rated speed is unchanged. Therefore, the 
length of the starting time is determined mainly by the stepping time. If the stepping 
time is shorter, the motor will be switched to the BLDC mode earlier and reach the 





3.3 Starting Capacity of Two-phase Spindle Motor with 4-step 
Stepping Mode 
 
The starting capacity of a motor is related with many factors, such as inertia, starting 
current, motor impedance, cogging torque, friction torque, and initial rotor position, 
including the motor structure that will discuss later. 
 
Table 3. 1 Parameters of two-phase spindle motor. 
System Parameters Symbol Value 
Phase Resistance R 4.5Ω 
Phase Inductance L 0.7mH 
Motor Inertia J 2.2×10-5kg⋅m2 
Voltage Constant CE 0.0024V/(rad/s) 
Load Torque Tl 9.8×10-5N⋅m 
Rated Speed n 4200rpm 
Pole-Pair pp 9 
Proportional Coefficient Kp 50 
Integral Coefficient Ki 3×103 
Derivative Coefficient Kd 0 
 
The starting capability is analyzed with the constant voltage drive mode. The 
parameters of the motor are set as the same as the one used in the experiment, which 
are listed in Table 3. 1. During the experiments, a disk is mounted on the spindle motor. 
And we set the constant starting current as the same. Therefore, the starting capacity of 
the two-phase spindle motor is determined only by the initial rotor position. 
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Since the initial rotor position is unknown, we have to set the initial rotor position in 
motor starting in advance to find out the relationship between the initial rotor position 
and the starting capability. Figure 3.3 shows that the stepping time of two-phase 
spindle motor varies greatly with the different initial rotor positions when the 4-step 
stepping mode is employed. In this test, the setting speed was set at about 400rpm. 
After that, the back-EMF is greater than 0.4V, which is sufficient for the two-phase 
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Figure 3.3 The stepping time of two-phase spindle motor varies with the initial 
rotor position by using 4-step stepping mode. 
 
It is difficult to set the initial rotor position in the experiment as the rotor position 
sensor can not be used. Therefore, we use the simulation model introduced in Section 
2.5.1 to replace the real two-phase spindle motor, since the simulation model can fully 
simulate the starting performances of the two-phase spindle motor. 
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From Figure 3.3, the stepping time is irregular with the initial rotor position increasing. 
In order to analyze conveniently, we define “dangerous area” in which the stepping 
time of the spindle motor exceeds 0.5 second. Therefore, the smaller the dangerous 
area is, the more easily the spindle motor starts up. We also use the average stepping 
time to describe the starting capability of the spindle motor. And the longest and 
shortest stepping time present the poorest and best starting capabilities of the spindle 
motor respectively. Hence, from Figure 3.3, the starting capability of the two-phase 
spindle motor with 4-step stepping mode is shown in Table 3. 2. 
 
Table 3. 2 The starting capability of the two-phase spindle motor with 4-step 
stepping mode. 
Dangerous area About 43° 
Average stepping time 0.283s 
Longest stepping time 1.91s at about 230° 







3.4 Starting Capacity of Two-phase Spindle Motor with 8-step 
Stepping Mode 
 
In 4-step stepping mode, as shown in Figure 3.1, only one phase winding and two 
MOSFETs work at any time, while another phase and the other six MOSFETs are 
silent. This mode does not utilize the inverter adequately and effectively. Hence, an 
improved starting method is introduced in starting process of the two-phase spindle 
motor. Relative to the 4-step stepping mode, this improved starting method is so-called 
“8-step stepping mode”, which is shown in Figure 3.4. 
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Figure 3.4 The commutation sequence of 8-step stepping mode. 
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As is seen in Figure 3.4, the commutation sequence of the two-phase inverter in 8-step 
stepping mode is YBAX—AX—AXBY—BY—BYXA—XA—XAYB—YB. In this 
mode, another 4 steps are added based on the former 4-step stepping mode, and both 
two phases and four MOSFETs work at the same time in these added 4 steps. The 
conducting interval is 135°, and the commutation interval of the two-phase inverter is 
changed to 45°.  Because the working period of each phase becomes longer, the 
efficiency of the two-phase inverter increases and the average EM torque generated in 
one cycle becomes larger. This is benefit for the motor starting. 
 
Similarly, using the same two-phase spindle motor tested with 4-step stepping mode, 
we also gave the same starting current and installed the same disk on the same motor. 
We have made the same test for the starting capability of the two-phase spindle motor 
with 8-step stepping mode by setting different initial rotor position in motor starting. 
Figure 3.5 shows the stepping time of two-phase spindle motor various with the 
different initial rotor position by using 8-step stepping mode too. For comparing easily, 
the setting speed was also set at about 400rpm with the back-EMF at 0.4V in this test. 
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Figure 3.5 The stepping time of two-phase spindle motor varies with the initial 
rotor position by using 8-step stepping mode. 
 
From Figure 3.5, the starting capability of the two-phase spindle motor with 8-step 
stepping mode can be analyzed and shown in Table 3. 3. 
 
Table 3. 3 The starting capability of the two-phase spindle motor with 8-step 
stepping mode. 
Dangerous area About 18° 
Average stepping time 0.151s 
Longest stepping time 1.13s at about 265° 




3.5 Comparison of 4-step and 8-step Stepping Mode 
 
Comparing Table 3. 2 and Table 3. 3, the average stepping time with 8-step stepping 
mode is shorter than that with 4-step stepping mode. It means that the 8-step stepping 
mode has better starting capability than 4-step stepping mode. Even at the most 
difficult starting rotor position, the longest stepping time with 8-step stepping mode is 
about 1.13 second. It is nearly 0.78 second less than the longest stepping time with 4-
step stepping mode, which is 1.91 second. This means the spindle motor in 8-step 
stepping mode will switch to the BLDC drive faster than in 4-step stepping mode at 
the most difficult starting rotor position.  
 
Figure 3.6 shows the starting process at the most difficult starting rotor position with 
4-step and 8-step stepping mode separately.  
 
(a) Motor starting process with 4-step stepping mode. 
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(b) Motor starting process with 8-step stepping mode. 
Figure 3.6 The starting process of two-phase motor at the most difficult starting 
initial rotor position. 
 
And the shortest stepping time with 8-step stepping mode is about 0.03 second, which 
is almost the same as the shortest stepping time with 4-step stepping mode (0.06 
second). This means the two-phase spindle motor can start up very fast at the easiest 
starting rotor position with both 4-step and 8-step stepping modes. Figure 3.7 shows 
the starting processes at the most easy starting rotor position with 4-step and 8-step 





(a) Motor starting process with 4-step stepping mode. 
 
(b) Motor starting process with 8-step stepping mode. 
Figure 3.7 The starting processes of two-phase motor at the most easy starting 
initial rotor positions. 
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Besides the stepping time, the dangerous area of 8-step stepping mode is about 18°. It 
is much narrower than that of 4-step stepping mode and is about 43°. It means that the 
two-phase spindle motor has more chances to start up easily and faster with 8-step 
stepping mode.  
 
Generally, the motor starting capability with 8-step stepping mode is superior to that 
with 4-step stepping mode. And no matter 4-step or 8-step stepping mode, once the 
motor produces sufficient back-EMF, the sensorless starting algorithm of the BLDC 
motor is switched to the back-EMF detection method by utilizing the zero crossing 




Chapter 4 Comparing the Starting Capability of Two-Phase 
Spindle Motor with Three-Phase Spindle Motor 
 
In this chapter, we will compare the starting capability of the two-phase with that of 
the three-phase spindle motor. Firstly, we will analyze theoretically the reason why the 
two-phase spindle motor has better starting capability than the three-phase spindle 
motor. Secondly, the starting capability of the three-phase spindle motor will be 
provided for comparing. And then the results will present how much two-phase spindle 
motor will improve in motor starting.   
 
4.1 Analysis of the Advantages of Two-phase Spindle Motor in 
Starting 
 
As is mentioned before, two-phase structure has the advantage in motor starting 
relative to three-phase structure. Why does two-phase structure have the advantage in 
motor starting? And how much is the advantage? To analyze the reason, Figure 4.1 
shows the Y-connection three-phase sensorless BLDC motor and its three-phase 
























Figure 4.1 Three-phase inverter and Y-connection spindle motor. 
 
Comparing with the two-phase spindle motor, when they are both under constant 
voltage drive mode, the three-phase spindle motor has two phases exciting at the same 
time, while in two-phase spindle motor, only one phase is exciting, and another phase 
is silent at the same time. Figure 4.2 shows the relationship of the phase back-EMFs 









Figure 4.2 Relationship between phase back-EMFs of two-phase and three-phase 
spindle motors. 
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From Figure 4.2, with the same DC link voltage, the phase back-EMF generated by the 
two-phase spindle motor AXe  is equal to the line back-EMF generated by the three-
phase spindle motor ABe  at the same speed. That is: 
 
AX ABe e=           (4.1) 
 
For the three-phase motor, the relationship of phase back-EMF Ae  and line back-EMF 




e e e= =          (4.2) 
 
Then from Eq. (4.1) and Eq. (4.2), the relationship of phase back-EMF of two-phase 
and that of three-phase spindle motor is: 
 
3AX Ae e=           (4.3) 
 
 Therefore, Eq. (4.3) shows that the phase back-EMF of two-phase spindle motor is 
3  times of the phase back-EMF of three-phase spindle motor at the same speed. In 
another word, to obtain the same phase back-EMF, the speed of two-phase spindle 
motor only needs about 1/ 3  times as that of three-phase spindle motor, since the 
phase back-EMF is proportional to the rotor speed. 
 
Since the phase back-EMF detecting method uses phase back-EMF to detect the rotor 
position, the two-phase structure is very helpful for the motor to switch to the BLDC 
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mode in the lower speed operation, because two-phase spindle motor is able to obtain 
the phase back-EMF signals earlier or at the lower speed than the three-phase spindle 
motor.  
 
The result shown in Figure 3.2 has explained that the starting time is almost 
determined by the stepping starting. Hence, reducing the time consumed by the 
stepping starting, i.e., being switched earlier from the stepping mode into BLDC mode, 
the stepping starting time can be reduced.  As the two-phase motor can be switched to 
the BLDC mode at lower speed than the three-phase motor, the two-phase spindle 
motor has better starting capability than the three-phase motor. 
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4.2 Comparison of 4-step and 6-step Stepping Mode 
 
In order to make a comparison between three-phase and two-phase spindle motor in 
starting capability, a comparable three-phase spindle motor was made with the same 
inertia, the same size, the same load, the same frictional coefficient and the same 
torque constant as the two-phase spindle motor. And we also gave the same starting 
current to the three-phase spindle motor to test its starting capability, For the 
limitations of the experiment condition and the difficulty of setting the initial rotor 
position in advance, we make this comparison in Matlab.  
 
The starting algorithm for the three-phase spindle motor was also the stepping drive 
mode, which is the same as the two-phase spindle motor. In this method, the 6-step 
stepping mode is commonly used in starting course of three-phase spindle motor. And 
the commutation sequence of the 6-step stepping mode is A+B-—A+C-—B+C-—B+A-
—C+A-—C+B-, which is shown in Figure 4.3.  
 
As is seen in Figure 4.3, in 4-step stepping mode, there are two phases and two 
MOSFETs work at any time, while another phase and the other six MOSFETs are 
silent. The conducting interval is 120°, and the commutation interval of the three-phase 
inverter is 60°.   
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Figure 4.3 The commutation sequence of 6-step stepping mode. 
 
And also supposed that the three-phase spindle motor was switched to BLDC mode 
with the phase back-EMF reaching 0.4V, when the speed of three-phase spindle motor 
was about 700rpm. Figure 4.4 shows that the stepping time of three-phase spindle 
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Figure 4.4 The stepping time of three-phase spindle motor varies with the initial 
rotor position by using 6-step stepping mode. 
 
According to Figure 4.4, the starting capability of the two-phase spindle motor with 6-
step stepping mode is presented in Table 4. 1. 
 
Table 4. 1 The starting capability of the two-phase spindle motor with 6-step 
stepping mode. 
Dangerous area About 52° 
Average stepping time 0.324s 
Longest stepping time 2.1s at about 260° 
Shortest stepping time 0.12s at about 5° 
 
Comparing Table 3. 2 and Table 4. 1, the average stepping time with 4-step stepping 
mode is shorter than that with 6-step stepping mode. It means the two-phase spindle 
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motor with 4-step stepping mode has better starting capability than the three-phase 
spindle motor with 6-step stepping mode.  
 
The longest stepping time appears at the most difficult starting initial rotor position, 
which is about 2.1 second. And the fastest stepping time is about 0.12 second, which is 
also longer than that of the two-phase spindle motor in 4-step stepping mode. 
Therefore, it is obvious that the starting capability of the two-phase spindle motor is 
better than three-phase spindle motor.  
 
Figure 4.5 shows the stepping starting processes of both three-phase spindle motor 
with 6-step stepping mode and two-phase spindle motor with 4-step stepping mode at 
the most difficult starting initial rotor position. After that, the phase back-EMF reaches 
0.4V, which is sufficient for the motor to start up rapidly by with BLDC starting mode. 
 
(a) The three-phase spindle motor with 6-step stepping mode. 
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(b) The two-phase spindle motor with 4-step stepping mode. 
Figure 4.5 The stepping starting processes with stepping drive mode at the most 
difficult starting initial rotor position. 
 
From Figure 4.5, at the most difficult starting initial rotor position, the stepping time of 
the three-phase spindle motor cost is about 2.1 second when the motor speed is nearly 
700rpm, while the stepping time of the two-phase spindle motor is about 1.91 second 
with the motor speed about 400rpm. Therefore, the two-phase spindle could switch to 
BLDC mode about 0.2 second earlier than the three-phase spindle motor, when both 
motor started at the worst situation. 
 
Figure 4.6 shows the stepping starting processes of both three-phase spindle motor 
with 6-step stepping mode and two-phase spindle motor with 4-step stepping mode at 
the most easy starting initial rotor position. Then, the phase back-EMF reaches 0.4V, 
which is sufficient for the motor to start up rapidly by switching into BLDC mode. 
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(a) The three-phase spindle motor with 6-step stepping mode. 
 
(b) The two-phase spindle motor with 4-step stepping mode. 
Figure 4.6 The stepping starting processes with stepping drive mode at the most 
easy starting initial rotor position. 
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From Figure 4.6, at the most easy starting initial rotor position, the stepping time of the 
three-phase spindle motor is about 0.12 second when the motor speed is nearly 700rpm, 
while the stepping time of the two-phase spindle motor is about 0.06 second with the 
motor speed about 400rpm. Therefore, the two-phase spindle can be switched into 
BLDC mode about 0.06 second earlier than the three-phase spindle motor, when both 
motor started at the best situation. 
 
Besides the stepping time, the dangerous area of the two-phase spindle motor with 4-
step stepping mode is about 43°. It is less than that of the three-phase spindle motor 
with 6-step stepping mode, which is about 43°. It means the two-phase spindle motor 
with 4-step stepping mode has more chances to start up easily and faster than the three-
phase spindle motor with 6-step stepping mode.  
 
From the comparisons above, the two-phase spindle motor with 4-step stepping mode 
can start up faster at lower speed than the three-phase spindle motor with 6-step 
stepping mode. Obviously, the two-phase spindle motor has better starting capability 





4.3 Comparison of 8-step and 12-step Stepping Mode 
 
As the previous section, 4-step stepping mode of two-phase spindle motor proves to 
have better starting capability than 6-step stepping mode of three-phase spindle motor. 
Therefore, the improved 8-step stepping mode has the more advantage in motor 
starting. However, similar to two-phase spindle motor, the three-phase spindle motor 
also has its improved starting method in stepping mode, which is so-called “12-step 
stepping mode”, which is shown in Figure 4.7.  
 
As is seen in Figure 4.7, the commutation sequence of the three-phase inverter in this 
stepping mode is A+B-C+—A+B-—A+B-C-—A+C-—A+B+C-—B+C-—A-B+C-—A-B+—
A-B+C+—A-C+—A-B-C+—B-C+. Corresponding to the two phases and two MOSFETs 
conducting in 6-step stepping mode, 12-step stepping mode has another 6 steps. 
During these added 6 steps, all three phases and three MOSFETs work together. The 
conducting interval is extended to 150°, and the two-phase inverter commutation 
interval is changed to 30°.  This improved stepping mode of three-phase spindle motor 
can also increase the exciting period of each phase, and then the utilization of the 
three-phase inverter and the average starting EM torque becomes higher. This stepping 
mode is also benefit for the motor starting. Therefore, comparing with the starting 
capability of the three-phase spindle motor with this 12-step stepping mode, does the 
two-phase spindle motor with 8-step stepping mode still have the advantage? 
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Figure 4.7 The commutation sequence of 12-step stepping mode. 
 
Using a similar three-phase spindle motor tested with 6-step stepping mode, we also 
gave the same starting current and installed the same disk on the motor to test the 12-
step stepping mode. And also supposed that the three-phase spindle motor was 
switched to BLDC mode at the moment of the phase back-EMF reaching 0.4V, when 
the speed of three-phase spindle motor is about 700rpm. Figure 4.8 shows the stepping 
time of the three-phase spindle motor varies with the different initial rotor position in 









0 50 100 150 200 250 300 350














Figure 4.8 The stepping time of three-phase spindle motor various with the initial 
rotor position by using 12-step stepping mode. 
 
From Figure 4.8, the starting capability of the three-phase spindle motor with 12-step 
stepping mode is presented in Table 4. 2. 
 
Table 4. 2 The starting capability of the three-phase spindle motor with 12-step 
stepping mode. 
Dangerous area About 36° 
Average stepping time 0.264s 
Longest stepping time 1.98s at about 265° 
Shortest stepping time 0.08s at about 10° 
 
Comparing Table 3. 3 and Table 4. 2, the average stepping time with 8-step stepping 
mode is shorter than that with 12-step stepping mode. It means the two-phase spindle 
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motor with 8-step stepping mode has better starting capability than the three-phase 
spindle motor with 12-step stepping mode.  
 
Figure 4.9 shows the stepping starting processes of both three-phase spindle motor 
with 12-step stepping mode and two-phase spindle motor with 8-step stepping mode at 
the most difficult starting initial rotor position. After that, the phase back-EMF reaches 
0.4V, which is sufficient for the motor to spin up rapidly by being switched to BLDC 
mode. 
 
(a) The three-phase spindle motor with 12-step stepping mode. 
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(b) The two-phase spindle motor with 8-step stepping mode. 
Figure 4.9 The stepping starting processes at the most difficult starting initial 
rotor position. 
 
From Figure 4.9, at the most difficult starting initial rotor position, the stepping time of 
the three-phase spindle motor cost is about 1.98 second when the motor speed is nearly 
700rpm, while the stepping time of the two-phase spindle motor is about 1.13 second 
with the motor speed about 400rpm. Therefore, the two-phase spindle could be 
switched into BLDC mode about 0.85 second earlier than the three-phase spindle 
motors, when both motor started at the worst situation. 
 
Figure 4.10 shows the stepping starting processes of both three-phase spindle motor 
with 12-step stepping mode and two-phase spindle motor with 8-step stepping mode at 
the most easy starting initial rotor position. 
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(a) The three-phase spindle motor with 12-step stepping mode. 
 
(b) The two-phase spindle motor with 8-step stepping mode. 
Figure 4.10 The stepping starting processes at the most easy starting initial rotor 
position. 
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From Figure 4.10, at the most easy starting initial rotor position, the stepping time of 
the three-phase spindle motor cost is about 0.08 second when the motor speed is nearly 
700rpm, while the stepping time of the two-phase spindle motor is about 0.03 second 
with the motor speed about 400rpm. Therefore, the two-phase spindle motor can be 
switched into BLDC mode about 0.05 second earlier than the three-phase spindle 
motor, when both motors starting at the best situation. 
 
The dangerous area of the two-phase spindle motor with 8-step stepping mode is about 
18°. It is less than that of the three-phase spindle motor with 12-step stepping mode, 
which is about 36°. It means the two-phase spindle motor with 8-step stepping mode 
has more chances to start up easily and faster than the three-phase spindle motor with 
12-step stepping mode. 
 
From the comparisons above, the two-phase spindle motor with 8-step stepping mode 
can start up faster at lower speed than the three-phase spindle motor with 12-step 
stepping mode.  
 









Two-phase/4-step About 43° 0.283s 1.91s  0.06s  
Two-phase/8-step About 18° 0.151s 1.13s 0.03s 
Three-phase/6-step About 52° 0.324s 2.1s 0.12s 
Three-phase/12-step About 36° 0.264s 1.98s  0.08s  
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Table 4. 3 summarizes the starting capability of the spindle motor mentioned above. 
Generally, the comparison results show that the two-phase structure has better 
performances in starting than the three-phase motor. 
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With the progress of the large capacity and high spin speed HDD, the spindle motors 
used in HDD are facing more and more strict requirements. The starting capability of 
the spindle motor is a major concern as the HDD is trending to be high spin speed 
operation. As all the HDD products use three-phase spindle motor, there are many 
solutions to improve the starting capability with different motor structures.  
 
For the commonly used phase back-EMF detection method, it is difficult for three-
phase spindle motor to detect phase back-EMF at still state and low speeds. No matter 
which starting algorithm is used, it must start up the motor at first to a certain speed 
where the phase back-EMF is detectable, and then the sensorless BLDC mode can be 
used. Driving the motor to the certain speed is a time consuming procedure, especially 
to the spindle motor with the high rated speed. Therefore, in this thesis, the spindle 
motor with two-phase EM structure and its drive system are proposed and analyzed to 
improve the starting capability of the spindle motor. 
 
The two-phase structure motor has the inherent advantage in motor starting. As 
analyzed in Chapter 4, the two-phase spindle motor can be switched into sensorless 
BLDC mode at the lower speed than the three-phase spindle motor. No matter 
whichever starting method is used, the two-phase spindle motor can detect sufficient 
phase back-EMF earlier than the three-phase spindle motor. Therefore, the starting 
capability of the spindle motor is improved. 
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In our research, a prototype of the two-phase sensorless BLDC spindle motor drive 
system has been built up. A phase back-EMF detecting circuit is presented to realize 
the sensorless control. A DSP and a two-phase inverter are used as the control and 
power units to drive the motor in BLDC mode, and realize the close-loop speed control 
and constant voltage drive mode.  
 
The experiments have been done to test the performances of the two-phase spindle 
motor driven in sensorless BLDC mode. And its performances are also simulated by 
using the built-up mathematical mode. The experimental results match well with the 
simulation results. Both of them prove the effectiveness of the two-phase sensorless 
BLDC spindle motor drive system built up. 
 
The starting capability of the two-phase sensorless BLDC spindle motor is analyzed in 
this thesis. The 4-step stepping mode is used to start the two-phase spindle motor, and 
the test results show that the starting capability of the spindle motor depends on the 
initial starting rotor position. 
 
An improved starting method of two-phase spindle motor is also introduced. The 
testing results show that two-phase spindle motor with 8-step stepping mode can be 
switched into the BLDC mode faster than that with 4-step stepping mode. This means 
8-step stepping mode has better starting capability than 4-step stepping mode for the 
two phase spindle motor. 
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In this thesis, the comparisons of the starting capability between two-phase and three-
phase spindle motors are also discussed. The results prove that the two-phase motor 
has better starting capability. This advantage of two-phase spindle motor offers a 
method to solve the starting problem caused by the high-speed spindle motor, which is 





5.2 Future Work 
 
So far, our research has been around the sensorless BLDC control of the two-phase 
spindle motor. Though the results show that the two-phase BLDC spindle motor has an 
attractive starting capability, but there are still many researches should be done for 
applying the technology in HDD products, and following the new requirements of 
HDD development. The important areas include: 
 
i. EM analysis of the two-phase spindle motor. 
As the restriction in the research time, we had to utilize the stator core of a three- 
phase spindle motor to rebuild a two-phase spindle motor and used it in our 
research. In this procedure, we did not do EM optimization. The further research is 
necessary in analyzing the effects of the EM pole number, slot number, tooth width, 
permanent magnet characteristics to the cogging torque and efficiency of the two 
phase spindle motor. This is important in realizing a high performance two-phase 
BLDC system. The starting capability of the two-phase spindle motor can be 
further improved through EM optimization design.  
 
ii. Control system to the two-phase spindle motor with square-connection. 
The armature windings of the two-phase spindle motor can be connected in cross-
connection or square-connection. Different connections make the motor show 
different performances. How to realize BLDC drive mode to the square-connection 
spindle motor? What are the advantages and disadvantages of the square-
connection two-phase spindle motors in comparing with the cross-connection ones? 
Only the further research can find the answers. 
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iii. Effects of the two-phase spindle motor used in the small form factor HDDs. 
One important trend of HDDs is moving to smaller form factors (SFF). Recently, 
1” HDD has entered market, and 0.85” HDD is also in development. The smaller 
HDDs could appear in the coming years. For these SFF HDDs, the motor starting 
capability is specially concerned, and the two-phase EM structure suggested may 
supply an effective solution to these HDDs. However, as the motor size is much 
reduced, there must be some special considerations in the SFF two-phase spindle 
motor design and production. There could be also special considerations in 
realizing the BLDC drive system for these SFF two-phase spindle motors.   It is 
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